The inability to efficiently tune the optical properties of waveguiding structures has been one of the major hurdles for the future scalability of integrated photonic systems. In silicon photonics, although dynamic tuning has been achieved with various mechanisms 1-10 , even the most effective thermo-optic effect 5 offers a refractive index change of only 1.86 × 10 -4 K -1 . To enhance this small change, light recycling based on resonators has been employed in order to realize efficient modulators, phase shifters, and optical switches 1,7-11 . However, the resonant enhancement comes at a great cost of optical bandwidth, fabrication tolerance and system scalability. Here we demonstrate a scalable light recycling approach based on spatialmode multiplexing. Our approach offers a fabrication tolerance of ± 15 nm, in stark contrast to the non-scalable subnanometer tolerance in typical silicon resonators. We experimentally demonstrate light recycling up to 7 passes with an optical bandwidth greater than 100 nm.
electron and the hole density in cm -3 ). Systems based on active silicon devices that require strong phase and amplitude tunability can be extremely power hungry and hence are constrained in scalability. For example, a chip-scale optical phased array [12] [13] [14] with a thousand state-of-art thermooptic phase shifters 2, 3 would consume a prohibitive power of at least tens of watts.
Light recycling using resonators achieves enhanced tuning by allowing light to circulate multiple round trips within the active devices 1, [7] [8] [9] [10] [11] ; however, it requires additional active compensation due to its inherently small optical bandwidth and tight fabrication tolerance. A typical silicon microring modulator with a quality factor of 15,000 has an optical bandwidth of only ≈ 0.1 nm 1, [7] [8] [9] . The reduction of the optical bandwidth in resonators is fundamental, a consequence of requiring constructive interference between the circulating waves within the structure. In addition, because the resonance wavelength of a silicon microring typically shifts by ≈ 1 nm per 1 nm of dimensional variation 15 , the subnanometer optical bandwidth directly translates to an almost unachievable subnanometer fabrication tolerance 15, 16 . Silicon resonators therefore require active compensation to align the resonance frequencies of every individual resonator to the laser frequency. This tuning requirement consumes significant power, limiting the advantage of the resonator-based light recycling.
We show here a broadband light recycling approach that can be used to reduce the power consumption of a photonic integrated circuit without requiring active compensation. Our approach relies on spatial mode multiplexing for enabling multiple light recycling events. In our approach, interference and hence bandwidth reduction are avoided by ensuring that conversion to a different orthogonal spatial mode follows every recycling event. In contrast, in resonator-based approaches, interference always accompanies recycling. In Fig. 1a we show the recycling structure consisting of a multimode bus waveguide integrated with multiple passive mode converters. Figure. 1b shows a schematic of the light path. Light is input into the recycling structure in the TE0 mode, and upon exiting the bus waveguide, it is converted to the TE1 mode via a mode converter and sent back to the bus waveguide in the opposite direction. Upon exiting the bus waveguide, it is then converted to the TE2 mode and sent back to the bus waveguide in the forward direction, and so on. In the recycling structure shown in Fig. 1a , light circulates back and forth a total of 7 times. We design the structure so that light exiting the recycling structure is in the desired TE0 mode. This is done by ensuring that light propagating in the highest order mode is converted back to the fundamental mode. We design the mode converters to pick only one particular mode, raise the mode order by one, and reverse the propagation direction, while keeping all other lower-order modes unperturbed, as shown by the example of the TE2-to-TE3 converter in Fig. 1c . In this example, one of the directional couplers selectively couples the TE2 mode of the bus waveguide to the TE0 mode of the narrow access waveguide [17] [18] [19] [20] [21] [22] . This access waveguide is connected to another directional coupler, which selectively couples the TE0 mode of the access waveguide back to the TE3 mode of the bus waveguide. Using the recycling platform we demonstrate the ability to enhance the power efficiency of a thermo-optic phase shifter by more than 8 times and achieve a low power consumption of = 1.7 mW for a phase shift. By embedding a thermo-optic phase shifter in the recycling structure, light passes the phase shifter multiple times and accumulates the phase shift from all passes. In order to measure the accumulated phase shift, we embed the recycling structure in a Mach-Zehnder interferometer (MZI), as shown by Fig. 1d . We measure the phase shift of the MZI interference fringes at different applied powers. For comparison, we perform the same measurement on devices with 3-pass, 5-pass, and 7-pass recycling structures, as well as a standard 1-pass device without recycling. All these devices have the same bus waveguide width of 2.44 µm under the thermooptic phase shifter. We observe a clear enhancement of the power efficiency as the number of recycling passes increases, as shown in Fig. 2 . We measure of 15.4 mW, 4.6 mW, 2.6 mW, and 1.7 mW for the 1-pass, 3-pass, 5-pass, and 7-pass phase shifters, respectively. This corresponds to a power-efficiency enhancement of 3.3, 5.9, and 8.9 times in the 3-pass, 5-pass, and 7-pass phase shifter, respectively. Note that the factor of enhancement is slightly higher than the number of passes. This is because the effective refractive indices of the higher-order modes are more sensitive to temperature change due to stronger dispersion (see Supplementary Note 1). We measure a thermal time constant of 6.5 µs, independent of the number of passes (see Supplementary Fig.   7 ). The power-time product • figure of merit of our 7-pass recycling-enhanced phase shifter is One can see that the 3-dB bandwidths, in which the insertion losses remain less than 3 dB above the minimums, are at least 100 nm for all structures. The inset shows the measured transmission spectra of the MZIs with different recycling structures. One can see that the free spectral range of the interference fringes decreases as the number of passes increases, demonstrating an increase of the optical path length due to light recycling.
To minimize the effect of fabrication on the variations of the optimal dimensions relative to the wavelength, we design the platform to operate for a wide range of wavelengths by ensuring that no interference effect is used. In order to convert each of the spatial modes, we use adiabatic directional couplers [23] [24] [25] [26] that in contrast to traditional interference-based directional couplers 19, [21] [22] , do not require precise phase matching and exact length. In adiabatic couplers, the local effective refractive index of the modes is tuned adiabatically by tapering the widths of the two coupled waveguides. By tapering each of the waveguides in opposite directions, we ensure that the modes of the two individual waveguides have the same somewhere along the center of the coupler.
These two individual modes couple and form supermodes (S1 and S2). In contrast to a traditional interference-based directional coupler, in which both supermodes are excited and interfere with each other, in an adiabatic directional coupler only one of the supermodes is excited. As an example we show in Fig. 4 an adiabatic directional coupler that couples the TE3 mode of the bus waveguide (TE 3 bus ) to the TE0 mode of the access waveguide (TE 0 access ). Figure 4a shows the local effective refractive index ( ) at each cross section along the directional coupler. One can see that the of the two individual modes (TE 3 bus and TE 0 access ) cross each other at the center of the directional coupler, resulting in an anticrossing between the supermode S1 and S2. Fig. 4b shows the schematic of this adiabatic directional coupler. Fig. 4c shows the mode profile of the super mode S1, which evolves from the TE 3 bus mode at the input to the TE 0 access mode at the output.
We simulate the coupling efficiency of each adiabatic directional coupler, from which we calculate the insertion losses of the recycling structures in the presence of dimensional variation, as shown in Fig. 5a . The simulated insertion losses remain less than 0.6 dB, 1.5 dB, and 2.8 dB for the 3-pass, 5-pass and 7-pass recycling, respectively, if the dimensional variation is controlled within ± 15 nm. Our simulation shows that the insertion loss of the 7-pass recycling can potentially be reduced to only 2 dB if the fabrication variations in all the geometries are kept within ± 11 nm.
This large tolerance of our platform is in stark contrast to the required subnanometer tolerance in resonators used often for recycling. Our platform requires no active compensation since this tolerance is practically achievable in both electron beam and deep ultraviolet lithography 15 . We show in Fig. 5b the simulated insertion losses of the recycling structures at different wavelengths.
All structures show theoretical 3-dB bandwidths exceeding 200 nm. These large fabrication tolerance and high bandwidth are enabled by our design of adiabatic directional couplers and cannot be achieved with traditional interference-based directional couplers (see Supplementary Note 3 for a detailed comparison between the two types of couplers). In conclusion, we demonstrate a recycling approach that could enable silicon photonics to overcome one of its main hurdles: the lack of scalability in power. This light recycling approach provides fabrication tolerance and bandwidth that are fundamentally unachievable in resonators traditionally used for recycling, which for enabling round trips of recycling, are limited to only 1/ of the free spectral range in bandwidth. This limited bandwidth is a fundamental consequence of the time-bandwidth limitation 27 , which cannot be overcome by lowering the quality factor of resonators. Our approach can be applied to enhance the efficiency of phase shifters in a large-scale optical phased array [12] [13] [14] . It can also be used to enhance signal strength for broadband applications such as spectroscopy, where resonator-based light recycling has only limited applications due to the need of a extended bandwidth 28, 29 . Although we use thermo-optic phase shifters as a demonstration, our approach can enhance the performance of a variety of photonic devices, such as electro-optic phase shifters, electro-absorption modulators, and delay lines. The adiabatic directional couplers can be further optimized with novel techniques that ensures adiabaticity in a smaller footprint 24, 30 .
Methods
Device fabrication. We fabricate the devices on a silicon-on-insulator (SOI) wafer from Soitec, which has a 250 nm top silicon layer and a 3 µm buried oxide layer. The silicon wire waveguides are patterned by electron beam lithography (Elionix ELS-G100) using ma-N 2403 photoresist, We also use Fimmwave to ensure that the tapers and the bends of the adiabatic directional couplers vary slowly enough to satisfy the adiabatic condition. We confirm that almost all the power is in one supermode as light propagates along the directional coupler, and the mode profile of this supermode evolves completely from one waveguide to another (as in Fig. 4c ). We calculate the insertion loss of the multipass recycling structure from the product of the coupling efficiencies of all individual directional couplers. The detailed dimensions of the devices we use in the simulation are given in Supplementary Table 1 .
Unless stated otherwise, we perform the simulations at the wavelength of 1550 nm.
Device characterization. We measure the transmission spectra of the devices with a tunable laser source (Ando AQ4321D) that can sweep the wavelength from 1520 nm to 1620 nm. We couple the light into the chip and collect it from the chip with lensed fibres. The silicon waveguide is inversely tapered to a 160 nm width at the input and output facets to match the mode size of the by controlling the waveguide width [1] [2] [3] . The widths used in the TE 1 bus -to-TE 0 access , TE 2 bus -to-TE 0 access , TE 3 bus -to-TE 0 access , TE 4 bus -to-TE 0 access , TE 5 bus -to-TE 0 access , TE 6 bus -to-TE 0 access adiabatic directional coupler are marked in (a), (c), (e), (g), (i), (k), respectively. We take advantage of the high index contrast in silicon waveguides, which leads to the large separation between the of different modes. (b,d,f,h,j,l) The simulated local effective refractive indices ( ) at each cross section in the adiabatic directional couplers. The ( ) of the TE 1 bus -to-TE 0 access , TE 2 bus -to-TE 0 access , TE 3 bus -to-TE 0 access , TE 4 bus -to-TE 0 access , TE 5 bus -to-TE 0 access , TE 6 bus -to-TE 0 access adiabatic directional couplers are shown in (b), (d), (f), (h), (j), (l), respectively. The ( ) of the two individual waveguides (in the absence of the other waveguide) is plotted as black and red dashed lines. We achieve mode selectivity by allowing only one crossing between the red and black dashed lines. The ( ) of the supermodes of the coupled waveguide system is plotted as blue solid lines. The notations of waveguide widths are defined in Supplementary Fig. 2 . The detailed dimensions of the adiabatic directional couplers are given in Supplementary Table 1 . Supplementary Figure 7 | The temporal response of the thermo-optic phase shifter with the 7-pass recycling structure. The thermal time constant is obtained by fitting the photodetector signal with an exponential function. We find that the thermal time constant is independent of the number of recycling. In all 1-pass, 3-pass, 5-pass and 7-pass devices, we measure thermal time constants of 6.4 ± 0.2 µs (rise time) and 6.6 ± 0.4 µs (fall time). Supplementary Table 2 | The dimensions of an alternative design that uses interference-based directional couplers. We design these directional couplers to draw a comparison between the adiabatic and the traditional interference-based directional couplers. The bus waveguide is slightly tapered to relax the requirement of exact phase matching 4 , but the coupling is not in the adiabatic regime. The radius of the arc is 40 µm. The height of the silicon waveguide is 250 nm. Other notations are defined in Supplementary Fig. 2 . The simulated performance of these directional couplers is shown in Supplementary Fig. 5 
Supplementary
We obtain the theoretical enhancement factor for the 3-pass, 5-pass and 7-pass phase shifters, which are 3.07, 5.34 and 8.02 respectively. Note that this analysis considers only the phase shift created in the waveguide section that is directly under the resistive heater. Other nearby waveguide sections also have a small temperature increase and therefore contribute to the phase shift. We attribute the small deviation between the measured and theoretical enhancement factors to such contribution.
Supplementary Note 2 | Free spectral range of the Mach-Zehnder interferometers with recycling structures.
We confirm light recycling by measuring the free spectral range (FSR) of the Mach-Zehnder interferometers (MZIs) with recycling structures. Because light circulates multiple times in the recycling structure, the optical path length of the recycling arm becomes longer than the physical length. The FSR of a MZI is given by 2 Δ ⁄ , where Δ is the optical path difference between the two interferometer arms 7 . Because of recycling, the MZI has a larger Δ and therefore a smaller FSR compared to a MZI without recycling. We measure the transmission spectra of the MZIs with different number of passes, as shown in the inset of Fig. 3 of the main text. The measured FSR of the MZI interference fringes near the wavelength 1600 nm are 0.461 nm, 0.214 nm, and 0.141 nm for the 3-pass, 5-pass, and 7-pass MZIs, respectively. The measured FSR decreases with the number of recycling passes, indicating an increase of Δ .
To confirm the recycling mechanism, we calculate the theoretical FSR of each MZI from the optical path length of our design and compare with the experimental results. The optical path length is given by ∫ ( ) , where is the group index. The group index depends on the dimensions and the mode of a waveguide. We use the finiteelement method to simulate the group index of the relevant modes of the designed waveguides. We integrate the group index along the path that light recycles. The theoretical FSR near the wavelength of 1600 nm are 0.472 nm, 0.206 nm, and 0.145 nm for the 3-pass, 5-pass, and 7-pass MZIs, respectively. The good agreement between the measured and theoretical FSR confirms the mechanism of mode conversion and light circulation. We attribute the small deviation (less than 4 %) to the non-perfect dimension in actual fabrication.
Supplementary Note 3 | Comparison between adiabatic directional couplers and interference-based directional couplers. For comparison, we simulate an alternative design of recycling structures that uses interference-based directional couplers instead of adiabatic directional couplers. In Supplementary Table 2 we show the dimensions of the interference-based directional couplers we use in the simulation. In Supplementary Fig. 5 we show the performance of this alternative design. In stark contrast to the adiabatic design, the 7-pass recycling structure using traditional interference-based directional couplers has a high insertion loss of 15.3 dB with the same dimensional variation of ± 15 nm and a 3-dB bandwidth of only 45 nm.
